Due to the continued persistence of waterborne viral-associated infections, the presence of enteric viruses is a concern. Notwithstanding the health implications, viral diversity and abundance is an indicator of water quality declination in the environment. The aim of this study was to evaluate the presence of viruses (bacteriophage and enteric viruses) in a highly polluted, anthropogenicinfluenced river system over a 6-month period at five sampling points. Cytopathic-based tissue culture assays revealed that the isolated viruses were infectious when tested on Hep-G2, HEK293 and Vero cells. While transmission electron microscopy (TEM) revealed that the majority of the viruses were bacteriophages, a number of presumptive enteric virus families were visualized, some of which include Picornaviridae, Adenoviridae, Polyomaviridae and Reoviridae. Finally, primer specific nested polymerase chain reaction (nested-PCR)/reverse transcription-polymerase chain reaction (RT-PCR) coupled with BLAST analysis identified human adenovirus, polyomavirus and hepatitis A and C virus genomes in river water samples. Taken together, the complexity of both bacteriophage and enteric virus populations in the river has potential health implications. Finally, a systematic integrated risk assessment and management plan to identify and minimize sources of faecal contamination is the most effective way of ensuring water safety and should be established in all future guidelines.
INTRODUCTION
The contamination of water bodies with diverse microbial communities is a major concern to public health (Pandey et al. ) . Diarrhoeal outbreaks caused by waterborne pathogens is alarming, with most cases reported in developing countries due to the lack of proper drinking water and sanitation infrastructure (Hofstra ) . The World Health Organization (WHO) approximates 1.8 billion people worldwide currently utilizing drinking water resources that are contaminated by faecal pollution (WHO ). Among these pathogens, the greatest cause for concern comes from the prevalence of enteric viruses in water (Leifels et al. ) . Enteric viruses are excreted from the faeces of infected individuals at very high numbers (10 11 /g faeces) while concomitantly exceeding other existing microbial communities by 10-100-fold in water environments (Ganesh & Lin ) . Apart from the socio-economic implications of waterborne virus-related sicknesses in both developing and developed nations, the extent of the burden and impact of viral disease is far concentrated in regions with enormous environmental contaminations (Rodríguez-Díaz et al. ) . Over 140 different types of viruses are known to infect humans, resulting in a variety of illnesses (Chigor & Okoh ) . While gastroenteritis is the most common outcome, several acute illnesses such as meningitis, hepatitis, conjunctivitis and muscular syndromes However, the recommended plaque assays require long experimental time frames, are dependent on bacterial host viability and suffer from errors during enumeration (Edelman & Barletta ) . Importantly, Wu et al. () demonstrated via a logistic regression analysis that the correlation between coliphages and pathogens in water was poor (p ¼ 0.186) where only 40 out of the 85 cases were correlated.
To investigate the presence and diversity of viruses (bacteriophages and enteric viruses) in the Umhlangane River, a tangential flow filtration (TFF) process was adopted to concentrate the virus particles. This method has been reported to effectively concentrate virus particles Twenty litres (20 L) of river water was collected at five different sampling points (designated P1 to P5), described in Table 1 . Each sampling site was selected based on different land use zones to assess the extent of its influ- 
Primary virus concentration
A modified TFF process described by Ganesh et al. () was used to concentrate viruses from the collected water samples ( Figure 1 ). Briefly, 20 L of river water was passed through a 0.45 μm sediment filter (Merck-Millipore Corp.) at 130 mL/min to remove large debris and solids. Virus concentration then involved two separate steps. First, the water was filtered through a 142 mm diameter, 0.22 μm membrane filter (Merck-Millipore Corp.) at 330 mL/min to remove all bacteria. The second step further concentrated the viruses from the 0.22 micron concentrate through a 100 kDa (molecular weight cut-off) cartridge filter. The resulting retentate was then re-circulated through the system until approximately 500 mL of sample remained.
Secondary virus concentration
Re-concentration of the TFF samples was carried out using ultracentrifugation according to a procedure described by Colombet et al. () with some modifications. Six tubes of 28 mL retentate were ultracentrifuged for 2.5 hours at 130,000 × g (i.e., 29,000 revolutions per minute (rpm); 4 C) in a SW-32 Ti rotor (Optima L-100 XP, Beckman Coulter). The viral pellets were re-suspended in 500 μL phosphate buffered saline (PBS; pH 7.2), pooled together (final volume of 3 mL) and stored at À20 C until further analyses.
Tissue culture experiments
Prior to presumptive identification, cell lines were used to determine the infectious nature of the viruses in the river water. Viruses concentrated on the first (April) and fourth (July) months were tested for infectivity. Three different cell lines were used: (i) human hepatocellular carcinoma BLAST (http://www.ncbi.nlm.nih.gov/BLAST) to confirm the identities of the presumptive positive PCR products.
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RESULTS

Virus infectivity
The Vero) in July. Interestingly, while some morphological changes were much more apparent than others, some cells produced a much later CPE. In addition to clearer, more apparent morphological changes, the control-infected cells produced a CPE quicker than the concentrated viruses.
However, in comparison to the adenovirus 9 VR-1086 con- (Figure 3(d) ). Figure 3 (e)-3(g)) depict the TEM images of presumptive naked Adenoviridae-like particles and (Figure 3(h) ) known adenoviruses (70-90 nm).
TEM for presumptive enteric virus identification
The viral particle sizes ranged from 67.29 to 78.11 nm.
Although less commonly observed, TEM also revealed presumptive Polyomaviridae-like particles (Figure 3 (i) and 3(j)), Reoviridae-like particles (Figure 3 (l)-3(n)) and Coronaviridae-like particles (Figure 4(a) -4(c)) when compared against known polyomaviruses (40-50 nm; Figure 3 (k)), known rotaviruses (Figure 3(o) ) and a known coronavirus (Figure 4(d) ). Herpesviridae-like particles (Figure 4 (e)-4(g)) and
Orthomyxoviridae-like particles (Figure 4 (i)-4(k)) were compared to known herpes (Figure 4(h) ) and influenza viruses (Figure 4(l) ), respectively. Lastly, many presumptive enveloped viruses (Figure 4 (m)-4(p)) were seen in the Umhlangane River. However, due to inherently similar structures, comparisons between enveloped viruses and known viruses could not be made. Interestingly, TEM revealed some important morphological characteristics, such as the double-layered rotavirus (Figure 3(n) ), the Coronaviridae peplomers or 'setting-sun' appearance ( Figure   4 (a)), the rough polyomavirus capsids (Figure 3(j) ) and the envelopes and nucleocapsids of many viruses (Figure 4 (f), 4(j) and 4(m)).
Molecular detection of four enteric viral groups
Human adenovirus, polyomavirus, hepatitis A and C virus genomes detected using a nested PCR/RT-PCR are depicted in 
Hepatitis C virus
April À À À À À May À þ À À À June À À À þ À July À À À À þ August À À À À À September À À À À À þ, positive PCR product; À, negative PCR product. Note: italicized font, autumn; normal font, winter; underlined font, spring. 
DISCUSSION
Extensive concentration methods and/or the analysis of large volumes of water are usually required to obtain a sufficient amount of viruses for experimental testing (Symonds & Breitbart ) . In this study, TFF coupled with ultracentrifugation efficiently concentrated viruses from the collected water samples. In addition to clear, bacterial-free concentrates, this two-step TFF procedure ensured that most viruses remained structurally intact.
The detection of infectious enteric viruses in water has long employed cell culture methods ( Furthermore, these viruses can survive exposure to 20% ether, acidity (pH 1.0 for 2 hours) and heating to 60 C for 1 hour (Kocwa-Haluch ).
Although hepatitis C viruses were only detected in 10% (n ¼ 30) of the collected water samples (Table 3) , their presence is a cause for concern. These viruses infect approximately 150 to 200 million people worldwide (Maier & Wu ) . Hepatitis C viruses cause chronic and acute hepatic diseases and, due to high viral mutation rates, no licensed therapeutic or prophylactic vaccines have been made available (Abdelwahab & Said ) .
Although this study could not identify patterns of viral seasonal occurrence (Table 3) , it is important to note that some viruses, such as rotaviruses, hepatitis A (Chigor & Okoh ) and astroviruses (Ganesh & Lin ) , to name a few, are affected by seasonal conditions.
The nucleotide sequences of the adenovirus, polyomavirus and hepatitis A and C virus genomes confirmed using BLAST analysis revealed different virus strains. Not only does the BLAST analysis confirm the presence of these four viral groups, it also indicates the diversity of these enteric viruses residing in the Umhlangane River. 
CONCLUSIONS
STUDY LIMITATIONS
This study identified a diverse array of virus particles in the Umhlangane River. However, some limitations were noted.
Although seasonal effects were not observed, the short sampling period of 6 months did not cover a seasonal cycle. Therefore, changes that may have occurred at a later stage would not have been detected. Additionally, to fully assess the extent of viral infectivity and the multiplicity of infection tissue culture assays are required.
